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A Solar-Powered Orbital Launch Vehicle 

© Malcolm Kemp - October 2009 
1 Introduction and Summary 

1.1 All current orbital launch vehicles rely on chemical rockets. Once in orbit, some vehicles now use 
engines powered by electricity generated from sunlight to move from low earth orbit (LEO) to 
geostationary earth orbit (GEO) or further, or for attitude control when the desired orbit has been 
reached Launch of an operational solar sail is also planned in the near future. 

1.22 The purpose of this paper is to explore the possibility of using solar energy to power a vehicle 
before it reaches orbit, as well as for orbital* transfers etc. The proposed approach is illustrated in 
Figure 1. A novel concentrator design is proposed that has several advantages over conventional 
parabolic arrangements. The concentrator design is described further in Appendices A and B. 

Figure 1 

Sunlight falling onto collector mirrors 




Mirrors to concentrate sunlight 
onto collector 
(NOT TO SCALE) 



Fuel for chemical rocket engine, propellant for 
solas thermal engine, and payload 

Storage bay containing mirrors before deployment 

Rocket noz2le ► Solar power collector, linked thermally to a combined 

solar thermal and chemical rocket engine (also to a 
thermionic power generator) 

1.3 There are several ways in which the dynamics of pre-orbital solar powered rocketry differ from 
those applicable to chemical, rocketry. With chemical rocketry, it is in principle optimal to 
accelerate as fast as the payload allows, so that gravity has as little time as possible to slow the 

.vehicle down. With solar-powered rocketry, this is no longer true, as the longer the vehicle is in 
flight the more energy it can collect Appendix C considers these differences further and calculates 
the theoretical power requirement and hence minimum collector aperture size (per unit payload 
mass) a solar powered launcher requires to reach earth orbit. If the vehicle starts at rest then the 
theoretical minimum aperture size is about 45 m 2 per kg. For a mirror arrangement as per Figure 1 
the total collector area is circa 3.5 times the aperture area. NASA has recendy developed ultra- 
lightweight mirrors that weigh circa 5 gnr 2 (in part for solar sail purposes). These are therefore in 
principle light enough to permit such a launcher to lift its own weight into orbit! 

1.4 In practice, implausibly high efficiencies elsewhere in the vehicle design would be needed unless 
further improvements in the power to weight ratio are achieved Solar powered vehicles would also 
probably suffer substantial air resistance early on in the flight (whilst the vehicle is still within the 
atmosphere). More plausible at the present time is to consider a vehicle that is powered by 
chemical rocketry early on in its flight, switching to solar power part of the way to orbit. 



Fins to impart rotation 
as vehicle rises 
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1.5 



1.6 



There are several ways in which concentrated sunlight can be converted into thrust Appendix C 
shows that the closer such a launcher is to reaching orbital speed, the higher is the optimal specific 
impulse that its engine(s) should be delivering. Appendix D discusses the merits of different 
propulsion technologies that could be coupled with such concentrators. The proposed 
concentrators have the potentially important payload (and hence cost) advantage that they can be 
re-used with a range of propulsion technologies, each one suited to a different part of a 
spacecraft's flight 



Probable optimal propulsion technology 

Chemical rocketry (to limit air resistance), or possibly 
lifted by a balloon into the upper atmosphere. 

Solar thermal propulsion seems likely to be more 
efficient overall than using solar powered electric 
engines, such as ion engines. 

Various possibilities are available including solar 
thermal and solar-powered electric engines. 

Solar power could be used for satellite operation and 
attitude control 

The faster and further away from the earth the 
spacecraft travels, the more attractive are solar sails, 
except very far away from the sun. 

If it were possible to combine the ignition chamber of a chemical rocket with the main heating 
chamber of a solar thermal propulsion engine then farther weight might be saved, potentially 
making creation of a totally reusable vehicle more likely. 

The proposed concentrator layout might also offer advantages in non-astronautical contexts 
including electric power generation for long duration high altitude balloon flights in a terrestrial 
context, perhaps then contained within balloons that remain tethered to the ground. 



Point in trajectory 

(a) Immediately after launch 

(b) Approaching LEO 

(c) Between LEO and GEO 

(d) At GEO 

(e) Beyond GEO 



2. The design of the proposed solar power collectors 

2 1 I have a patent application (PCT/GB01/01161) that amongst other things claims to offer an 
attractive way of constructing very lightweight highly efficient solar power concentrators. The 
basic logic is: 

(a) There is an upper limit imposed by the second law of thermodynamics on how much you 
can concentrate black body radiation such as sunlight It is impossible to concentrate such 
radiation to a temperature greater than the temperature of the source of the radiation. For 
sunlight, this limit is the temperature of the sun's photosphere (circa 5900 K). The effective 
upper limit is a little lower, c. 5000 K, at gtound level, because of atmospheric attenuation. 

(b) It is possible to get very close to this thermodynamic upper limit with a relatively simple 
design involving two suitably positioned mirrors shaped in a rotationally symmetric &shion, 
as per Appendix A. 

(c) If such mirrors are very thin then they can be kept very lightweight, perhaps so lightweight 
that they are not even rigid. Of course, they still need to be kept in the right shape, but even 
if they are not rigid this can be achieved either by spinning them (Le. using centrifugal 
forces) or by embedding them in a lightweight inflated balloon structure. 



2 




(d) My patent application notes the possibility of converting the concentrated sunlight to thrust 
either via heating the propellant directly (Le. via solar thermal propulsion) or by 
concentrating the sunlight onto a thermionic power generator (and then using the electricity 
thus generated to power an ion drive or other similar propulsion system). 

2.2 The suggestions noted in 2.1(d) are similar to those proposed for the Solar Orbit Transfer Vehicle 
(SOTV), an experimental design developed recently by Boeing under a $48m contract from the US 
Air Force Research Laboratory, Kirtland Air Force Base, New Mexico. The SOTV aimed to use 
solar thermal propulsion to move a payload, once in orbit, from LEO to GEO at a leisurely pace 
(c. 15-30 days), delivering a low thrust but with a high specific impulse (750-800 seconds, versus 

* the c. 450 delivered by a liquid hydrogen/liquid oxygen chemical rocket as used by, say, the NASA 
Space Shuttle). The SOTV envisaged concentrating sunlight using parabolic mirrors into a cavity in 
which hydrogen gas was heated to circa '2300 KL The resulting expansion of the hydrogen gas 
would provide the thrust Hydrogen is the optimal propellant to use because « of its low molecular 
mass, which all other things being equal raises the specific impulse that the engine delivers, 
minimising the propellant required and thus increasing the useful payload delivered to GEO. The 
SOTV also envisaged using the parabolic mirrors in conjunction with a thermionic power 
converter to provide power to the payload once at GEO. 

2.3 However, the proposed mirror layout differs materially from the parabolic mirrors proposed for 
the SOTV. The main points to note are: 

(a) Parabolic mirrors can in principle only achieve concentrations that are circa one-quarter of 
the thermodynamic upper limit, see [1]. This reduces by about 30% the temperature to 
which it is possible to heat up the concentrator onto which the sunlight is concentrated, 
with a consequential reduction in thrust and in the efficiency of conversion of sunlight into 
propellant energy. It also increases the ske and hence weight of the required concentrator. 
For example, the specific impulse arising from using hydrogen gas appears to rise from the 
circa 750 - 800 seconds available at an operating temperature of 2300 K to over 1000 
seconds if the operating temperature is increased to 3700 K. This is potentially achievable 
with the proposed mirror design whilst still remaining under the melting point of graphite 
or tungsten. 

(b) It seems likely to be desirable for the vehicle to be symmetric and travelling towards the 
sun. A parabolic mirror would probably need to have a hole in it to permit propellant to be 
fired out backwards, which would further reduce its overall efficiency. 

(c) However, the overall surface area of the proposed concentrator design is a higher multiple 
of the aperture area than for a parabolic mirror. 

The working assumption underlying this paper is that the benefits of (a) and (b) more than 
outweigh the disadvantages of (c), particularly if the design arrangement also facilitates multiple 
modes of operation, see below. 

3. Potential engineering challenges 

3.1 An obvious challenge is that of making the mirrors sufficiendy thin yet strong. This challenge is 
similar to that faced by "solar sails". Significant improvements have recently been made in this 

. field, and further improvements may be possible, see Appendix D. 

3.2 The mirrors would probably in part need to keep their rotational symmetry via centrifugal forces, 
ie. by being spun (around their axis of rotation). Such spin could perhaps be imparted by air 
passing over suitable propeller blades or fins (e.g. as in Figure 1) as the arrangement passed 
through the (high upper) atmosphere. 
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3.3 A complication is the need to keep the mirrors from collapsing in on themselves as the launcher 
accelerates upwards. A solar powered launcher would in ideal conditions accelerate at lg or less 
(see Appendix Q, Le. a significantly lower acceleration than with a typical chemical rocket 
launcher. It may be possible achieve this "rigidity" with a weight not much more than 5 goer 2 , see 
above, or failing this by: 

(a) Placing, say, an engine above the top of the collector mirr ors and running wires down from 
it to the front of the collector (but this would almost certainly make it impractical to use 
solar thermal propulsion, which seems likely to be the most energy efficient way of 
converting sunlight into thrust pre-orbit). 

(b) Embedding the mirrors into, or supporting the mirr ors with, a balloon structure. 

(c) Supporting the mirrors with rods that offer lateral support to the concentrator arrangement 

3.4 The launcher needs to point (quite accurately) towards the sun throughout its launch. If its 
effective rigidity is being achieved or enhanced by rotation around its axis of sy mm etry then it will 
have some of the characteristics of a gyroscope. It should therefore be possible to maintain its 
direction, at least for a short period of time, although this might be more difficult if still within the 
atmosphere because of air resistance. The flight time is likely to be circa 10 — 30 minu tes (see 
Appendix C), during which time it should be possible to keep the launcher's axis pointing towards 
the sun by modest adjustments to the direction of thrust. 

4. Other comments 

4.1 The proposed launch methodology if successful would most likely be significantiy less expensive 
than existing chemical rocket based launch methodologies, since construction of large very 
lightweight mirror designs should be quite cheap if made in bulk. Because of the potential for 
multiple mode operation, it may be possible to make the launcher wholly reusable. 

4.2 For re-entry, you might be able to slow down the vehicle by, in effect^ using the mirrors as 
parachutes, taking advantage of air resistance. Or, the launch trajectory might be reversed, if you 
had available an additional supply of propellant. 

Perhaps worth noting in this context is that in a very ratified atmosphere, gas molecules can be 
expected to behave quasi-ballistically, and therefore would become concentrated at the image point 
(in the same way as light rays) if the mirror arrangement is pointed along the line of the trajectory 
into the direction of the air flow. This could be problematic if the converter of the solar power 
into more usable energy thus became damaged. Alternatively, it could be beneficial if the 
concentrated gases could be used for other purposes, e.g. deflected or propelled back out again to 
slow descent. 

In principle this effect could also supply propellant on the way into orbit. This might increase the 
effective power to weight ratio, making improvements in mirror weight less necessary before such 
a launcher could become practical, but this possibility is not considered further in this paper. 

4.3 The proposed technology might also provide: 

(a) A cost effective source of power on the ground, perhaps by embedding the mirrors in a 
balloon structure that was lighter than air but kept tethered to the ground. The possibility of 
creating a 60 MW power station weighing some not enormous multiple of 1,000kg should 
offer some commercial opportunities unless fabrication costs are very high or 
relkbility/lifetime is poor. 
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(b) A useful source of significant amounts of power to very long duration balloon flights. 
NASA has already tested super-pressure balloons capable of staying in the upper 
atmosphere for many days. Some of the engineering difficulties highlighted above in the 
context of a space launcher (such as sensitivity to air resistance, need for ultra-lightweight 
mirrors) become less important in an atmospheric balloon context " 

(c) A method of maintaining hot air balloons (as opposed to super-pressure balloons) in the 
(high) atmosphere almost indefinitely. In the presence of direct sunlight the air outside the 
balloon will expand as the external pressure rises. However, with a sufficiently efficient 
converter of sunlight into power and a sufficiently efficient heat pump, you should always 
be able to heat the air inside the balloon more rapidly than the air outside is being heated, 
thereby always retaining uplift At night you might need to supplement the heating using 
energy stored in a battery. 

Any such solar concentrator would require a tracking system to keep it pointed towards the sun A 
cost effective way of doing this might be to tether the balloon using several (at least three) 
different ropes or wires joined to different parts of the balloon and to different anchoring points. 

For example, suppose for (a) that the mirrors were in a spherical balloon filled with a light gas such 
as hydrogen or helium. Suppose counterweights are if necessary introduced so that the centre of 
gravity of the combination of balloon, mirrors, power generator and counterweights is roughly at 
the centre of the balloon, but with the combination still lighter than air. Suppose also that three 
tethers were joined to this balloon at points spaced equally around the great circle coaxial with the 
mirrors, as in Figure 2. If necessary the entire arrangement could be housed within a transparent 
cover, to avoid the balloon being blown about by the wind. 

Figure 2 




Then just by changing the lengths of the individual ropes (e.g. wrapping or unwrapping them 
around a spindle), it would appear to be possible to get the mirrors to point in any desired 
direction likely to be relevant to a solar power concentrator. This is possible because of the 
interaction between the uplift being provided by the inflated balloon and the tension provided by 
the tethers The positioning could be changed over time according to some preset timing 
mechanism (that varied by date), and/or via some feedback mechanism linked to the power being 
generated (and/or some other sensing mechanism). The power generated by the concentrator 
could be carried away from the balloon via wire tethers or via separate power leads. 
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An equivalent approach can be used for (b) and (c) with the balloon no longer being te&eredto 
Z Xnd, but^ith the weight of the payload providing the equtvalent anchormg. Hc^ 
somf addSonal mechanism for keeping the balloon from rotating horizontally would also be 
needed, e.g. a small propeller engine. 

References 
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APPENDIX A 

Positioning of a two-mirrot arrangement capable of focusing sunlight 
to almost the thermodynamic upper limit 

A.1 The layout is rotationally symmetric, and therefore can be determined by considering a cross- 
section through this axis of symmetry (say in the xy-plane, with the x-axis being the axis of 
symmetry). ~ ' 

A.2 We iteratively determine the positioning of each consecutive point on each of the two mirrors as 
follows: 

(a) At the / 'th iteration, the mirrors are positioned so that a light ray starting at exactly the 
object point (f, 0) will go through the image point (0, 0)^ after striking the first mirror at 
M 1 (0 = (OT 1(X (/),^(/))and the second mirror at M 2 (t) = {m 2<x {t),m 2 _,(/)) . The angle 
that the two mirrors make to the x-axis at the / 'th iteration can be found by geometry, given 
behaviour of light rays when they are reflected off of surfaces. These angles then define the 
tangents to the two mirrors at this step in the iteration. 

(b) The position of M 2 (t+1) is found so that if a light ray starts at (f, h), strikes the first mirror at 
Mi® and the second mirror at M 2 (t+1) then it passes through (0, ZBS), for a suitable 
constant B (the magnification of the arrangement), and a suitable sign Z = ±1, h small. We 
apply the additional constraint that M 2 (t+1) must be on the tangent to the second mirror as 
identified in (a), which means that the (unique) position of M 2 (t+ 1) can be found by 
geometry. 

(c) The position of Afi(/+1) is found so that if a light ray starts at (f, 0), strikes the first mirror at 
M,(M-1) and the second mirror at M 2 ((+l) then it passes through (0, 0). Again we apply the 
additional constraint that Mi(t+i) must be on the tangent to the first mirror as identified in 
(a), which means that the (unique) position of Mi((+1) can also be found by geometry. 

(d) The angles that the mirrors make to the x-axis at the (/+l)'th iteration and hence their 
tangents are then up-dated as per (a), and the iteration repeated. 

A3 In the limit as b 0 'this approach defines the shape of two surfaces that together form a 
perfecdy apknatic (of order 1) imaging mirror arrangement 

A.4 The mathematics can be restated as follows: 

(a) M 0 (t) m (« 0wX (t) t m 0iJ (t)) and M 3 (t) m (m i>lt (t),m 3j (t)) define the positions of the centres 
of the object and image planes respectively (so M 0 (t) = (f,0) , M 3 (t) = (o,0) 



(b) 4$ (for i - 0, .... 2) is the angle that a ray from Mi(i) to Aki@ makes to the x-asis 



d t (t) = arctan 



(c) j5>$ (for i = 0, . . 2) is the distance between M£f) and M»\(fy, ie. 
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(d) 



(e) 



«ft is the angle that a tangent to the i th surface makes to the x-axis, taking «,» and «($ to be 
the angles that the object and image planes make to the x-axis (being 90° for all / for the 
surfaces to be rotationaHy symmetric about me x-axis), Le. for reflection (for t - 1 and 2): 

,W 2 2 

The values of ^0) and m^O) (for i = 1 and 2) are chosen so that the resulting mirror layout 
satisfies the sine criterion, e.g. for a far away source (flarge negative): 

The choice of the sign Z is made so that the sine criterion remains satisfied as / changes 
(only one choice will work depending on the layout, for the layout in question Z - +1 is the 
• required choice). 



(g) We update the values of MJt) as follows for a small value of k 



Af,(* + 1)- 



where r i _ 1 (0 = ^/-i(0-rf,-i(0) ',(') = «" andwhere 

(h) We end the iteration no later than when rm^t) reaches zero or close to zero; 

® The complete, three-dimensional mirror surfaces can then be found by rotating the curves 
produced above around the x-axis. 

A.5 It is likely in practice to be convenient for the two mirrors to be joined up into a single surface. For a 
far away light source this can be achieved if: 

* 2 J0) = -*7,,,(0) => k(0) 2 + ^2.y(9) 2 Y 2 =1 

A 6 A simple way of implementing the above algorithm using Visual Basic code is set out in Appendix 
B, where q and kL ^0) and mj® respectively, and the parameter AO defines the speed of 
drawing the relevant mirror positions. 

A 7 If we wish the mirrors to be joined together into a single surface, men the value of q h ' 

by the choice of k. The key characteristics of such mirror arrangements arising for different 
choices for k = mJ9) are set out below: 



8 





Proportion of potential 
aperture area for which rays 
are concentrated onto the 
image pointPJ 


Area of mirrors as a 
proportion of "effective" 
collector area 
perpendicular to sun's 
raysPJ 


0.2 


0.96 


4.39 


0.3 


0.91 


3.63 


0.4 


0.84 


3.38 


0.5 


0.75 


3.36 


0.6 


0.64 


3.51 


0.7 


0.51 


3.82 



Notes 



[1] This is \-&. It is also approximately the "thermodynamic efficiency", by which is here meant 
the proportion, suitably weighted, of radiation arriving at the image point versus the m^yimnm 
possible amount light that could be focused onto the image (in the thermodynamic upper limit). It 
would be exactly the "thermodynamic efficiency" if the angle subtended by the source were very 
small. The deviation because the sun subtends a non-negligible angle is noticeable, although not 
substantial. Modest adjustments can be included in the above algorithm that then get closer to the 
thermodynamic ideal. The higher the thermodynamic efficiency, the higher is the temperature that 
the concentrator might reach. I have assumed throughout this paper that the iteration runs all the 
way through to mzj$) = 0 (as this maximises the thermodynamic efficiency), but in practice it 
might be more convenient to truncate the layout before this point is reached 

[2] Higher multipliers mean increased weight per unit of solar power collected 

The cross-section of such a mirror layout, defined by k = 0.4 is shown in Figure 3. Light is coming 
from far away along the negative x-axis and is being concentrated onto the origin. 

Figure 3 
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~ APPENDIX B 



Sample Visual Basic code that can be used to identify mkror positioning as pet Appendix A 



Const tlirn = 10000 

D^mSo To 1 3, 1 0 To tlirn) As Double, My(0 To 3, 0 To tlirn) As Double 
Dim d(0 To 3. 0 To tlirn) As Double 
Dim p(0 To 3, 0 To tlirn) As Double 
Dim a(0 To 3, 0 To tlirn) As Double 
Dim w(1 To 2, 0 To tlirn) As Double 

Sub identify mirror_positioning(sht, q, k, hO) • Double 

Dim i As Integer, t As Integer, t1 As Integer, Z As Integer, h As Double, B As Double 
'first establish the initial conditions 

F ° r 1 ~ °Mx(0,"t) = -1 0 A 9 'say (far away along negative x-axis) 
My(0,' t) = 0 
Mx(3, t) = 0 
My(3, t) = 0 
a(0, t) = pi / 2 
a(3,t) = pi/2 

Next t 

Mx(2, 0) = -q 
My(2, 0) = k 

Mx(1 , 0) = Mx(2, 0) - 0.00001 

My(1 . 0) = -My(2, 0) / (Mx(2, 0) * 2 + My(2, 0) 2) 0.5 

p(0,0) = ((Mx(0, 0) - Mx(1 , 0)) * 2 + (My(0, 0) - My(1 , 0)) * 2) * 0.5 
h = -(h0/ tlirn) *p(0, 0) 
B = 1 / p(0, 0) 

'now carry out iteration, loop through to tlirn 
For t = 0 To tlirn - 1 

For i - 0 To 2 + 1 , t) - My(i, t)) / (Mx(i + 1 , t) - Mx(i, t))) 

p(i. t) = Si, t) - Mx(i + 1, t)) 2 + (My(i, t) - My(i + 1 , t» * 2) * 0.5 

Next i 

For i = 1 To 2 

a(i,t) = d(i,t)/2 + d(i-1,t)/2 

= -Z * B * (p(1 , t) / p(2, t)) * Sin(a(3, t) - d(2 t)) / Sin(a(1 , t) - d(1 , t)) 
w(2i t) = (p(1 , t) / p(0, t)) * Sin(a(0, t).- d(0, t)) / Sin(a(2. t) - d(1 , t)) 

. . F ° r ' 1 Mx(i, t + 1 ) = Mx(i. t) + w(i, t) * Cos(a(i, t)) * h 
My(i, t + 1) = My(i, t) + w(i, t) * Sin(a(i, t)) * h 

Next i 

If Mx(1 , t + 1) > Mx(2, t + 1) Or Mx(2, t + 1) > 0 Then 
For i = 1 To 2 
Mx(i,t + 1) = Mx(i,t) 
My(i,t + 1) = My(i.t) 
Nexti 

End If 

Nextt 
End Sub 
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APPENDIX C 

The Continuous Constant Power Needed to Reach Orbital Velocity 

With a conventional rocket launcher, the power that propels the fuel away from the rocket engine 
is provided by combustion of the propellant Therefore, the greater the amount of propellant that 
can be ejected per unit time, the more rapid will be the acceleration of the rocket Pre-orbit, this 
means that, all other t hing s being equal, you should use the fuel up as rapidly as possible, to 
minimise the adverse impact that gravity has on the vehicle. 

The dynamics of a solar powered launch vehicle are significantly different The vehicle still needs 
propellant in order to impart sufficient momentum to overcome gravity, but there is less incentive 
to use the propellant up as rapidly as possible, as to do so will reduce the overall energy collected 
from the sunlight and therefore made available during the launch. It is instructive to work out what 
is the most efficient way of using the propellant that such a vehicle will need to carry. 

Suppose that a launcher plus propellant has mass 722(f) and velocity v(i) at time t (measuring / in 
seconds from launch), m is the rate of change of m with respect to /, etc. Suppose that we have 
energy E.dt arriving between / and H-d/ (E assumed to be constant). Take g to be the acceleration 
due to gravity (assumed constant at 10ms- 2 ). Assume orbital speed is 7700ms- 1 . We ignore air 
resistance (ie. we assume that any solar powered stage starts sufficiently high up). 

Consider first the situation where we launch vertically and continue to travel vertically upwards, 
ejecting the propellant vertically downwards at a speed u (constant) relative to the launcher. 

The launcher then satisfies the following equations of motion, derived from a consideration of 
conservation of energy and momentum: 

2 

We then have: 

m' - -2— v' = 

u m 

If w(0) = 1, u = 5,000 ms- 1 , E = 30,000 then v and m progress as follows: 




t t 
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C.4 



The acceleration starts low, but reaches c. 6.5g just before reaching orbital speed The rate at which 
mass is ejected is constant The ratio of initial to final mass is a 10, so the power per unit final 
mass is 300 kW kg- 1 . 

Better is to allow u to vary. The optimal choice of « is to maamise v'/m' which occurs when 
u = El mg . If m(0) = 1, E = 8,000 then vzndm now progress as follows: 



1 10 
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2000 




2000 



The acceleration is constant (at Ig) prior to reaching orbital speed. The ratio of initial to final mass 
is c. 20, so the power per unit final mass is c. 160 kW kg 1 . Mass is initially ejected at 800 mr», but 
just before orbital velocity is reached, it is being ejected at c. 16,000 mr>. 

C.5 But you would not actually go vertically upwards to go into orbit Instead, you need to end up 
go4 horizontally Q£ you want to end up in a circular orbit). The faster the horizontal speedy *e 
Leafer the centrifugal effects offsetting gravity. If we assume that the optimal approach is to travel 
horizontally throughout the launch, then you would eject propellant out at an angle deseed to 
just counteract the^effect of gravity. If v is the horizontal velocity of the launcher theorbtfal 
velocity, * the speed of ejection horizontally and n> the speed of ejection vertically, then the 
equations of motion become: 

2 V 
m.v 1 - -turn 



m.g. 



^ vorb j 



— —w.m 



Again, you would choose u to maximise v / m , which means that 



(- 2E.vori> 4 M' - m 2 g 2 vorb* + 1m 2 g 2 vorb 2 v 2 - m 2 gv*) 
vorb 2 .m 



(1/2 



u — - 



If a*(0) = 1 and E = 10,000 then v and m now progress as foUows: 
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The horizontal acceleration starts off at lg but slows down as the effective pull downwards tails 
off as centrifugal effects bite. The propellant is initially ejected at a horizontal speed of 1,000 ms* 1 
and at a vertical speed of 1,000 mr 1 , i.e. with a total speed of c. 1,414 ms- 1 at 45° to the vertical 
Indeed it seems to continue to be optimal to eject propellant at this angle throughout the flight 
The optimal propellant ejection speed rises substantially as the launcher reaches close to orbital 
velocity. The ratio of initial to final mass is c. 6, and so the power per unit final mass is now merely 
c. 60kWkg-i. * 7 

In practice, some upward movement would be necessary, to reduce air resistance (unless you 
started above the atmosphere), so the required power per unit mass would probably be a litde 
higher than this. 

Z.6 In the analysis in C5 the propellant ejection velocity rises without limit as the vehicle approaches 
orbital speed It is also instructive to consider the optimal- approach were there to be an upper limit 
on the propellant ejection speed 

.7 Consider first the situation where the propellant ejection speed is fixed at say^> = 6,000 ms* 1 . The 
equations of motion become: 



p 2 -u 2 + w 2 



m.v 



-u.m 



.2 \ 



m.g\ 1- 



vorb 



J 



Again, you would choose // to maximise v / m , which means that 

2E 



m = — 



^2 22 iporb 2 - j* 2 ) 2 



\l/2 



vorb m 



4 r2 



J 



V — 



2E 
p 2 ?n 



* * vorb'm' 2 



: m(0) — 1, E — 30,100 then v and m now progress as follows: 
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The ratio of initial to final mass is c. 4.67 and so the power per unit final mass is now c 140 kW 
kg 1 . 

C 8 Better therefore is for the propellant ejection speed to take the value calculated as in C.5 until the 
' maximum propellant ejection speed is reached, and then to continue ejecting P™ ? elknt*t that 
speed, i.e. a combination of C.5 and C.7. If the maximum propellant ejection speed is 10,000 nur», 
m(0) = 1 and E = 10,000 then v and m now progress as follows: 




m t 



2000 




2000 



The ratio of initial to final mass is c. 7.1 and so the power per unit final mass is now c. 71 kW kg*. 

C 9 In the majority of the cases considered above, the power per unit final mass is dependent on the 
choice of E/m(0). I have chosen values of E/m{0) that seem to produce relatively low power per 
unit final mass, without resulting in an excessively high ratio of initial to final mass. 

C 10 Each 1 m* of collector area perpendicular to the sun's rays would collect ckca 1.37 kW of solar 
power given the strength of the sun's radiation in the vicinity of the earth. So in the theoretically 
optimal case given by C.5, each 1 kg of final mass would require circa 45 m* of collector aperture 
area perpendicular to the sun's rays to generate sufficient power to put the 1 kg into orbit 
(assuming 100% energy efficiency and no other weight elsewhere). A practical mirror arrangement 
would reLire circa 3.5 times this area of mirror, see Appendix A.7 Such a mirror would therefore 
weigh about 0.75 kg if the mirrors were made of material weighing 5 gm-*. This rises to c. O.J kg it 
the propellant ejection speed is limited to 10,000 ms- 1 . 

C.11 In practice, implausibly high energy efficiencies or low weights would be needed to keep the 
mirror weight less than 1 kg in these instances. The highest specific impulses currendy arable 
(other than via solar sails) involve gridded ion engines and propellant ejection speeds of c. 40,000 
ms-' The required power per unit final mass if a limit of 40 kms-i is placed on ejection speed is 
about 63 kW kg-i ie. very close to the theoretically optimal identified in C.5. However, you would 
in practice need a two stage process to convert the sunlight into electricity and then use the 
electricity to power the ion drive. The efficiency of conversion of sunlight into electricity seems 
unlikely to be much above 25-30%, and the efficiency of conversion of electric energy into thrust 
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C.12 



C.13 



seems unlikely to be much above 60%, according to [2]. Thus the overall energy efficiency is 
unlikely to be better than c. 15%. This would increase the required mirror weight six-fold. Also, 
even using the lightest sunlight to electrical energy conversion approach (which is likely to be 
thermionic power conversion, see Appendix D) there are other components that could add 
significantly to the weight of the overall launcher, e.g. power regulators. This suggests that the 
mirror weight per unit area might need to fall a further 15-30 fold for such an approach to provide 
a practical means in isolation of launching vehicles from rest into earth orbit 

A more hopeful propulsion technology in this respect is solar thermal propulsion. The likely 
maximum propellant ejection speed would be c. 10,000 ms-> if the propellant were H 2 heated to 
area 3700 KL This increases the required power per unit final mass to the c. 71 kW kg-i identified 
in C.8. When operating at 3700 K approximately 15% of the incident sunlight falling onto such a 
solar thermal engine would be reradiated out (note: if the engine were at thermal equikbrium with 
the sunlight, i.e. were at the same temperature as the sun's photosphere, then this figure would rise 
to 100%). The solar' thermal rocket engine should behave like a gas turbine heat engine, and if say 
the propellant were ejected at a temperature of 1000 K then the thermodynamic efficiency of the 
engine is subject to an upper limit of around 70-75% (ie. (3700-1000) divided by 3700). Therefore 
the net conversion efficiency of the energy in the sunlight to thrust is likely at best to be c. 60% 
and more probably c. 40 - 50%. Such an engine should be simpler in concept and therefore 
probably lighter than the more complex thermionic power plus ion engine, thereby saving further 
weight But even using this propulsion mechanism, unassisted solar powered launch vehicles would 
probably only become practical were the mirror weight to fall say a further 5-10 fold. 

More practical in the short term may be to consider a chemical rocket assisted solar-powered launch 
vehicle (particularly if the same engine chamber is used for both the chemical rocket and the solar 
thermal propulsion mechanism, since this could reduce the vehicle weight It would seem 
beneficial from an energy budgeting perspective, if you are planning to use both chemical and solar 
powered rocketry in the same launch vehicle, for the solar powered rocketry to be used after the 
chemical rocketry in the launch sequence. This ordering also has the advantage that the chemical 
rockets could lift the vehicle above the (lower) atmosphere before deployment of the mirrors used 
to concentrate the solar power, overcoming the problem of high air resistance such mirrors would 
otherwise face near the ground. 

Suppose, for example, that chemical rockets were used to reach one-half orbital speed i.e. c. 3 850 
ms-i, so that <0)=3850, If m(0) = 1, E = 3,000 then v and m now progress as follows (from the 
time that the solar powered engine takes over): 




m, 0.5 



2000 
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The ratio of initial to final mass is c 6.9 and hence the power per unit final mass (for the solar 
energy stage) falls from c 60-75 kW per kg to circa 21 kW per kg (even if there is an upper limit on 
the propulsion ejection speed of 10,000 ms->). This result is relatively insensitive to the upper limit 
on the propulsion ejection speed, ie. does not change much if this upper limit is changed between 
8,000 and 40,000 mr>. The faster such a launcher reaches before it switches to solar power, the 
less is the required power to weight ratio needed from the solar energy stage. For example, if the 
chemical rocket could impart to the vehicle a speed of 5000 ms-' (still less than half the kinetic 
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energy it requires to reach orbit) then the required power to weight ratio from the solar energy 
stagTfalls by nearly another 50%. This would probably put the requirements within reach of 
currently available mirror technology. 
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APPENDIX D 



The relative merits of solar thermal propulsion and solar thermionic powered engines and versus 

other propulsion and energy generation technologies 



The Specific Impulses of Different Propulsion Technologies 

D.l The specific impulse of an engine is defined as the (effective) exhaust velocity (i.e. speed at which 
the propeliant is ejected), divided by the acceleration due to gravity at the earth's surface. We refer 
to the "effective" speed because there is some, normally small, dependency on the nozzle design as 
well as on the propeliant ejection speed 

D.2 In a chemical" rocket, the specific impulse generally increases as the combustion temperature 
increases and the molar mass of the exhaust products decreases. Liquid oxygen and liquid 
hydrogen are nearly ideal chemical rocket propellants, particularly if their combustion is used to 
heat additional hydrogen, because they bum energetically at high temperature (about 3200 K) and 
produce non-toxic products consisting of gaseous hydrogen and water vapour, with a small 
effective molar mass (about 11 kg/kmol). The vacuum specific impulse of a rocket using these as 
fuel is about 450 seconds. 



D.3 With solar thermal propulsion, the propeliant is no longer heated by combustion but by sunlight 
Hydrogen would normally be used as propeliant, to minimise molar mass and hence maximise the 
specific impulse. In the SOTV concept, the concentrated sunlight would heat up liquid hydrogen 
to c. 2400 K, achieving a specific impulse of 750 to 850 seconds. The SOTV envisaged only a low 
thrust (in part because of the small size of the solar concentrators being proposed for it). 

D.4 Electrically powered rocket engines can deliver higher specific impulses. A Hall effect ion thruster 
accelerates ions along the axis of the thruster by crossed electric and magnetic fields. A plasma of 
electrons in the thrust chamber produces the electric field. A set of coils creates the magnetic field 
Such engines have flown on several Russian spacecraft and can deliver specific impulses of circa 
1800 seconds. 

Even higher specific impulses can be delivered by gridded ion engines. These typically use xenon 
as propeliant The xenon atoms are introduced into the thruster chamber which is ringed by 
magnets. Electrons emitted by a cathode knock electrons from the xenon atoms to form positively 
charged xenon ions. The ions are accelerated by a pair of gridded electrodes, and are then 
neutralised by electrons emitted by a further component, to prevent a space charge from building 
up around the satellite. These sorts of engines can deliver specific impulses of 2000 to 4000 
seconds. They have flown on several commercial satellites. 

D.5 Higher specific impulses imply lower amounts of propeliant are required to accelerate the vehicle 
by the same amount Electric propulsion uses propeliant approximately 4 to 10 times more 
efficiently than chemical propulsion and approximately 2 to 4 times more efficiently than solar 
thermal propulsion. 

D.6 Solar sails can deliver effectively infinitely high specific impulses. They provide thrust via the 
momentum imparted by changing the direction of photons striking the sail. They require no 
propeliant at all. 

Solar sails have been proposed for many years, but only recently has the technology evolved 
sufficiendy to make them practical. The Planetary Society is planning to launch a test solar sail, 
COSMOS 1, into orbit later in 2002. Its sails are made of 5-micron thin al umizi ed reinforced 
Mylar, which presumably therefore weighs circa 5 to 10 gm nr 2 . NASA's Jet Propulsion 
Laboratory (JPL) is reported earlier in 2002 to have made a semi-rigid carbon fibre mesh weighing 
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only 5 gm nr 2 (by "semi-rigid" is meant a material able to keep its shape even in the presence of 
gravity). 



Application of the proposed concentrators to these technologies 

D.7 The proposed concentrators can be applied to, and can in some cases improve on, several of these 
technologies: 

(a) Solar thermal propulsion 

The proposed concentrator design can in principle deliver temperatures up to c. 5900 K outside 
the atmosphere. This is higher than the melting point of any element that could be used to enclose 
the heating chamber. The materials with the highest melting points appear to be tungsten (highest 
melting point of all metals, circa 3680 K) or carbon (melting point circa 3800 K). Operating at 
these latter temperatures, the specific impulse a solar thermal engine would provide, using 
hydrogen as propellant, would rise to circa 1000. The very small area onto which the sunlight is 
concentrated means that less of the incident energy is reradiated away even at these high 
temperatures, improving the overall energy efficiency of the engine. Assuming that the rocket 
engine otherwise behaves like a tolerably efficient heat engine with rejection temperature equal to 
the temperature at which the hydrogen might be expelled, say 1000 K, then heating the hydrogen 
to initially 3700 K should make possible an overall efficiency of conversion of the energy in the 
sunlight into propulsion of 40 - 50%, see Appendix C.11- 

Like chemical rocket engines, conventional jet engines work by expelling gas that has been heated 
by a chemical reaction. The main conceptual difference is that they burn oxygen sourced from the 
air rather than stored within the vehicle. A way of increasing the thrust of a jet engine is to include 
"after-burn", i.e. to ignite more fuel downstream from the air intake and compressor. This 
increases the speed at which the propellant is ejected. Typically it is not energy efficient to do mis, 
so afterburners are generally confined to military jets and used only when added thrust is 
particularly helpful 

It should in principle be possible to use the same sort of technique to boost the specific impulse 
available from a solar thermal engine. In a classical chemical rocket or solar thermal engine, the 
propellant is heated to a high temperature and pressure in the combustion chamber or equivalent 
The gas then passes through a narrow rocket throat and subsequently expands as it passes through 
the nozzle, gaining ejection speed as it does so. The nozzle needs to allow the gas to be expelled 
without obstacle, as to do otherwise would reduce the ejection speed However, if it were possible 
to heat the gas during this expansion phase without introducing obstacles to its free flow, then this 
would allow the gas to expand further increasing the ejection speed This might be achievable if 
the nozzle were itself long and at a high temperature and so radiated energy into the expanding 
hydrogen gas. This might perhaps be facilitated by embedding most of the nozzle, perhaps in a 
spiral shape, within the slab onto which the sunlight was being concentrated The introduction of 
trace heat absorbent substances into the heated hydrogen gas might improve the radiative heat 
transfer from the nozzle sides to the gas within. 

The amount of heat radiated by a black body increases as the 4 th power of the temperature. Thus 
increasing the temperature to which the slab is heated from, say, 2400 K to 3700 K would increase 
the radiative heat transfer more than five-fold, making a material improvement in the specific 
impulse more likely with the proposed concentrator design than with other alternatives. 

Whether the resulting potential improvement in specific impulse would be sufficient to justify the 
probable reduction in energy efficiency is unclear to me, and the possibility of such "after-throat 
assisted" solar thermal propulsion is not considered further in this paper. 

(b) Solar-powered electric engines 
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The most obvious way in which the proposed concentrator design could be used to improve the 
efficiency of existing solar-powered electric engines is by improving the efficiency of the power 
generation. For example, the high temperature such a concentrator can deliver might make solar 
thermionic power more practical, see below. 

(c) Solar sails 

If the proposed concentrator were light enough to lift its own weight in the pre-orbital trajectory 
phase, then it should also be light enough to function as a solar saiL It would have a greater overall 
surface area than other previously proposed solar sail arrangements. However, it would have the 
advantage that if used in early parts of the'flight, no extra mirrors would be needed. The sunlight 
would probably be concentrated onto a parabolic mirror near the image point attached to the 
payload The positioning of the parabolic mirror would dictate the direction of thrust 

Figure 4 



Solar radiation Calling onto solar sail 




Rocket nozzle moved aside 
Instead parabolic mirror deflects sunlight as desired 

Space-Based thermionic power generation 

D.8 The US Government's DTRA has been carrying out some research into thermionic power 
generation, including thermionic power generation for space missions. The US National Research 
Council Committee on Thermionic Research and Technology recently reviewed this research, see 



D.9 Thermionic energy conversion is a process that converts heat directly into electric power. In its 
most elementary form, a thermionic converter consists of two metal electrodes separated by a 
narrow gap. One of the electrodes, called the emitter, is held at a high temperature, perhaps c. 2000 
K The other electrode, called the collector, is held at a lower temperature, perhaps c. 1000 IC The 
emitter emits electrons into the gap and the lower temperature collector absorbs them. The 
binding energies of the emitter and collector surfaces that act on the electrons are known as the 
work functions of the electrode surfaces. The electrons absorbed by the collector produce a usable 
electrical current as the return to the emitter through an external circuit Electrical power is 
produced by virtue of the potential difference between the emitter and the collector. 
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A th etmi onic power generator can be thought of as an idealised heat engine that uses electrons as 
its circulating fluid. It is a static device that has no moving mechanical parts. It operates at high 
temperatures, generates high power, and occupies only a small volume. For these reasons, 
thermionic converters have been considered potentially useful as power sources for use in space as 
well as for high temperature terrestrial power systems. Research into thermionic power generation 
appears currently to be proceeding in Russia, Sweden and China. 

The high heat rejection temperature, typically 1000 K or more, allows thermionic systems to use 
compact radiators with relatively low mass. This appears- to offer weight advantages over most 
other power conversion candidates, the notable exception being liquid metal ran kin e cycle 
converters. 

D.10 Efficient operation requires and emitter surface with a relatively low work function of 2 electron 
volts or less and an even lower collector work function of 1.5 electron volts or less. The material 
most often suggested in this context is tungsten, aided by cesium vapour in the gap between the 
emitter and collector. 

D.ll Thermionic power generation only becomes practical at very high temperatures, but these are 
readily available via the mirror layout described above. Indeed, care might be needed as otherwise 
the temperature reached could exceed even the melting point of tungsten or any other material As 
the above mirror layout is aplanatic, the surface area of the power generator could be about the 
same size as the area onto which the sunlight is being focused (Le. only c. 1/40,000* of the 
collector aperture area, this fraction being about one divided by the square of the angle subtended 
by the sun at the earth's surface). 

D.12 Solar thermionic power generation was explored briefly by NASA in the 1960's. This included 
validation of the concept by NASA under the Solar Energy Technology (SET) program, involving 
converters operating at 25 Watts per square centimetre and 0.7 volts, over 15,000 hours and 
through several hundred thermal eclipse cycles. 

The research was curtailed in the early 1970's in favour of solar photovoltaic battery systems. 
Photovoltaic systems with battery storage are the most commonly flown space power systems. 
They have been in use since the late 1950's and have flow on more than a thousand missions. 
Photovoltaic systems have been designed to supply up to 75 kilowatts of electricity for up to 15 
years of life. 

D.13 The greater the power requirements of a space vehicle, the more likely is solar thermionic power 
generation to prove attractive versus other power generation approaches, particularly solar 
photovoltaic power generation, in t erm s of stowed payload volume and mass. One of the DTRA's 
contractors, General Atomics, proposed a high-power, advanced, low mass (HPALM) solar 
thermionic converter. The concept involves the use of an inflatable solar concentrator to focus 
solar energy onto a thermionic converter to supply power to a spacecraft. It uses a large off-axis, 
inflatable parabolic reflector to focus solar energy into a 2000 K heat receiver that is radiatively 
coupled to the thermionic devices. Heat pipes would be used to remove the waste heat, at 
approximately 1100 K, from the collector surface. General Atomics anticipated reaching 
efficiencies of 20 to 25 percent for the converters. This is a pretty impressive efficiency, given that 
the theoretical upper limit on the conversion efficiency set by the Second Law of Thermodynamics 
with such input and output temperatures is only (2000-1100)/2000 = 45%. The HPALM concept 
was sized to provide 50 kilowatts of electricity and with a calculated performance of 106 watts per 
kilogram and 80 kilowatts per cubic meter on a stowed configuration ready for space launch. 

Such a system would, General Atomics claim, take up less room on the launch vehicle and weigh 
about the same as a solar array of current design for a 20 kilowatt communications satellite. Below 
20 kilowatts, however, solar thermionics is less likely to prove competitive. 



20 



D ' 14 ^nn™^"!* n ° ted **' atttaa y the approximate cost to kunch a spacecraft is $6,000 to 
310,000 per kilogram to reach low earth orbit (LEO) and $20,000 to $40,000 per kilogram to reach 
a geosyncronous earth orbit (GEO) depending on launch vehicle type. Basing its analysis on the 
lower value of $20,000 per kilogram to GEO, the Committee condudedlat a lOOkW solar 
thermionic power system might offer the following financial benefits: 

™ C ° St il^ Stand f d ( chemicaI ) rock « capable of the sort typically used to move a vehicle from 
. ^Sr, ™ & ? ^ Committee estimated that the cost of an electric propulsion system 
plus a 100 kW space power generation system would be approximately $9m + $33m = $42m 
(ignoring amortisation of the costs of developing a working solar thermionic power generator) 
Depending on how the power was used, there are two situations. 



00 



Y, rSfo 1 , 0 ?^ P ° Wer SOUrCC * used pUte! y for dectdc P^P^sion only, the approximately 
3,0000 kilogram savings in mass equates to a saving of $60m less extra costs of $39m 
generating a total net saving of $21m 



(b) If the lOOkW power source is used for both propulsion and primary mission power once 
on station, the approximately 6,000 kilogram savings in mass yield an approximately $120 
million worth of additional payload for an approximate $114m net savings. 

The savings available from dual use, Le. (b), are substantially greater than for single use, ie. (a). 

D.15 Overall, the Committee concluded that a space solar power system was the most promising near- 
term application for thermionic technology and it recommended that the US Government should 
concentrate its near-term thermionic development work on a system such as the high-power 
advanced, low mass (HPALM) concept or the possible use of thermionics in the context of the 
proposed solar orbital transfer vehicle (SOTV). 

However, while space-based thermionic power generation was the most promising application of 
thernuomcs, the Committee also' cautioned that success was not certain. The history of spacecraft 
performance demonstrates that it is difficult to compete with photovoltaic systems. Significant 
progress continues to be made in photovoltaic converters. For instance, triple junction solar cells 
can now deliver up to 29% efficiency. 

The Committee also noted several specific issues that need to be addressed before space-based 
solar thermionic power might become a reality, including: 

(a) Power conditioning. Thermionic power converters generally work on low voltages e.g. 1 
V or less, and high currents, whilst working at high temperatures. Unless you had large 
numbers in series, they would require power conditioning systems to raise the voltage to 
the higher levels 100 to 300 V that current or proposed spacecraft might use. A recent 
power conditioning uing developed for a 5 kilowatt Hall effect propulsion system that 
converted 28 volts to 300 volts weighed approximately 25 kilograms. 

Energy storage. Energy storage for satellites in planetary orbit could be via batteries as per 
current photovoltaic systems, or via thermal storage systems, but the former reduce the 
potential weight benefit of solar thermionic converers and the latter are untested 



(b) 



Terrestrial Solar Thermionic Power Generation 



D.16 The Committee noted that terrestrial thermionic power applications have received little attention 
from any research organisation over the past two decades. The Committee believes that this lack 
of interest is a result of the high (development) cost of thermionic systems and the fact that 
neither long term reliability nor the systems themselves have yet been proven 
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In the early 196CS the American Gas Association and the US Army started funding programs to 
develop fossil fuel powered thermionic converters. The material silicon carbide emerged as the 
preferred coating for emitters to protect them from air and combustion products. Because emitter 
Materials, such as tungsten, had thermal expansion coefficients different from that of silicon 
carbide, cracking and separation problems were severe. These problems were not overcome until 
the 1980's by which time there was no funding available to demonstrate the practicality of fossil 
fuel powered thermionic devices. Thermionic topping cycles have some potential benefits, but 
have not been commercialised due to high capital and operating costs as well as the expense of 
developing initial prototypes. When the Committee wrote their report, they were doubtful whether 
any viable terrestrial applications then existed for commercial use of thermionic power conversion 

D 17 There have been some recent advances . that may make either space-based or terrestrial based 
thermionic power generation more attractive These include using oxygenated niobium to reduce 
the work function of the collector, and the development of microminature thermionic converters. 



The Solar Orbital Transfer Vehicle Program 

D 18 The Solar Orbital Transfer Vehicle (SOTV) concept vehicle program carried out the US Air Force 
AFRL proposed a parabolic mirror arrangement and a combined receiver/absorber/converter 
device that generated propulsion using solar thermal propulsion and then generated electric power 
for onboard vehicle use via solar thermionic power generation. The SOTV is a follow-on to the 
hydrogen fuelled Integrated Solar Upper Stage (ISUS) Orbital vehicle program started in 1994. 
During this program, some String Thermionic Assembly Research Testbed (START) tests were 
initiated. The logic was that as the ISUS concept vehicle would need very high temperatures for 
the hydrogen fuel propulsion, thermionics might be an appropriate power conversion technology 
since it also required a high temperature heat source The START tests seem to have gone worse 
than expected, indeed were worse that equivalent tests that JPL carried out in the 1960's under the 
JET programme. The Committee therefore concluded that these tests were unrepresentative of 
what solar thermionic power generation might actually deliver in the future. 



The optimal propulsion technologies that a vehicle should adopt at different stages in its journey 
(if it is to use solar energy as an engine power source for some of its journey) 

D 19 Appendix C highlights the increase (in theory without limit) in the specific impulse that is optimal 
for a solar powered launch vehicle to deliver as it approaches orbital velocity. After orbit is 
reached, gravity may be largely ignored, so very high specific impulses are always to be preferred 
(unless there is some benefit in arriving faster - which will almost always be the case if only 
because of the time value of money). 

Bearing in mind the likely energy efficiencies and specific impulses deliverable from different 
propulsion technologies, there seems to be a progression in the technologies that are optimal at 
different stages in a journey that an interplanetary spacecraft might make. 

In the absence of further improvements in ultra-lightweight mirror technology, this progression 
seems involve the following Qa the order quoted): chemical rocketry, solar thermal propulsion, 
solar electric propulsion and finally solar sail propulsion (at least as long as the vehicle is not 
travelling very far away from the sun). 

A vehicle design like the one being proposed, that permits this optimal progression to occur and 
reuses vehicle components when doing so, seems likely to offer attractive payload and hence cost 
advantages. 
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